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Ortho–positronium (o-Ps) formation and decay can replace the annihilation process, when
positron interacts in liquid scintillator media. The delay induced by the positronium decay rep-
resents either a potential signature for anti–neutrino detection, via inverse beta decay, or to identify
and suppress positron background, as recently demonstrated by the Borexino experiment.
The formation probability and decay time of o-Ps depend strongly on the surrounding material. In
this paper, we characterize the o-Ps properties in liquid scintillators as function of concentrations of
gadolinium, lithium, neodymium, and tellurium, dopers used by present and future neutrino experi-
ments. In particular, gadolinium and lithium are high neutron cross section isotopes, widely used in
reactor anti–neutrino experiments, while neodymium and tellurium are double beta decay emitters,
employed to investigates the Majorana neutrino nature. Future neutrino experiments may profit
from the performed measurements to tune the preparation of the scintillator in order to maximize
the o-Ps signature, and therefore the discrimination power.
I. INTRODUCTION
Particle detection in liquid scintillators benefits of a
powerful technique to discriminate among interacting
particles: the light pulse shape discrimination (PSD), a
key feature to extract the searched signal from the back-
ground.
The PSD relies on the different time profiles of the scin-
tillation photon emission, dependent on the energy loss
and hence on the kind of ionizing particle crossing the
media. This technique is particularly effective in dis-
criminating light particles, as electrons and positrons,
from heavy particles, like protons, ions and alpha par-
ticles (see Ref. [1] and references therein). However, such
technique is inadequate to distinguish between electrons
and positrons.
Recently, a new PSD technique [2] has been proposed
to separate electrons from positrons. The latter, in
fact, may be identified by exploiting the formation of a
metastable electron–positron bound state (positronium),
a competitive process with respect to direct annihilation.
The positron–induced pulse shape in liquid scintillators is
indeed the sum of two components: the positron ioniza-
tion and the positronium decay γ’s. The latter is delayed
by the positronium mean lifetime.
Positronium exists in two states: the singlet, called para–
positronium (p-Ps), which decays into two γ’s with a
lifetime in vacuum of 125 ps, and the triplet, or ortho–
positronium (o-Ps), which decays into three γ’s with a
lifetime of 142 ns. Triplet and singlet states are formed
in a ratio of 3:1.
In the case of p-Ps, the delay between the ionization and
the annihilation γ’s is negligible with respect to the char-
acteristic detection times.
In matter, o-Ps is subjected to chemical reactions (oxi-
dation or compound formation), magnetic effects (spin–
flip), and interactions with the surrounding electrons
(pick–off, the dominant effect in liquid scintillator in ab-
sence of electric and magnetic fields). These interactions
yield a two body decay [3] and cause a sizable shortening
of the o-Ps lifetime to a few nanoseconds [2].
Nevertheless, even such an o-Ps mean lifetime may induce
an observable distortion in the photon emission time dis-
tribution.
The signature provided by the o-Ps–induced pulse
shape distortion has already been successfully exploited
by the Borexino collaboration [4] in the identification and
rejection of the cosmogenic 11C β+ decays, the dominant
background in the solar pep neutrino rate measurement.
More in general, cosmic muon interactions in organic liq-
uid scintillators produce several other sources of β+ de-
cays, such as 8B, 9Be, and 10C [5], which represent critical
contaminations in underground low-background neutrino
experiments, such as Borexino [6] and SNO+ [7].
Furthermore, the o-Ps–enhanced PSD may strengthen
the electron anti–neutrino detection, usually performed
via the inverse beta decay process: ν¯e + p → e
+ + n.
The positron identification, in addition to the positron–
neutron delayed coincidence, can abate the rate of ran-
dom coincidences and correlated electron–neutron back-
ground, such as the cosmogenic 9Li and 8He decays. This
technique can be applied in reactor neutrino experiments,
like Double Chooz [8], Daya Bay [9] and RENO [10].
The o-Ps properties (lifetime and formation prob-
ability) have already been measured in the solvents
for organic liquid scintillators commonly used in neu-
trino physics (pseudocumene (PC), linear alkylbenzene
(LAB), phenylxylylethane (PXE), and dodecane) and
in scintillator mixtures, based on pseudocumene and
2,5-diphenyloxazole (PPO) with or without isoparaffin
[2, 11].
Recent progress in chemistry allows to obtain stable scin-
tillators loaded with organo-metallic compounds. Ele-
ments like gadolinium and lithium are employed to en-
2hance neutron detection, thanks to their large cross sec-
tion. In particular, gadolinium is commonly used to im-
prove the signature in reactor anti–neutrino experiments,
whereas lithium is particularly useful in neutron detec-
tion due to charged particle production after capture (see
e.g. Ref. [12]). Both metal-doped scintillators could also
be used as a veto for low background experiments such
as direct dark matter search ones.
Scintillators can also be loaded directly with the signal
source, like in the case of SNO+, where the double beta
emitter, originally 150Nd, and very recently replaced by
130Te [13], is mixed with the active mass.
In this work, we measured the effects of the gadolin-
ium, neodymium, lithium and tellurium compounds on
the positronium properties in liquid scintillator, as a
function of their concentrations.
II. EXPERIMENTAL SETUP
A standard PALS system made of two plastic scintilla-
tors (Pilot U) detectors was used to measure the o-Ps for-
mation fraction and its lifetime. A detailed description of
the apparatus can be found in Ref. [2]. The 22Na positron
source, deposited between two Kapton R© (DuPont) layers
15 µm thick, is immersed in the vial containing scintilla-
tor to be tested. The first plastic scintillator is configured
(lower energy threshold at 900 keV) to produce a trigger
signal detecting the 1.27 MeV γ emitted in the 22Na de-
cay along with a positron. The other detector (350 to
500 keV energy range) generates a second signal when a
511 keV from the positron annihilation is revealed. The
difference in time between the two signals is measured to
reconstruct the o-Ps lifetime.
A typical observed spectrum can be seen in Fig. 1.
The fit is performed using the RooFit package [14] based
on MINUIT. The fit function is a combination of three
exponentials and a constant term:
F (t) =
3∑
i=1
Ai · e
−t/τi + C (1)
where Ai and τi (i = 1, 2) correspond to the effective
amplitude and lifetime of direct annihilation and p-Ps;
A3 and τ3 refer instead to o-Ps. The constant term
C accounts for the accidental background. The use of
two exponentials for the description of direct annihilation
and p-Ps is a standard practice in positron annihilation
spectroscopy, and depends on the fact that the positron
thermalization lifetime is different in the source support
(Kapton in our case) and in the medium to be tested
(liquid scintillator).
The fit function F (t) is convoluted with a gaussian dis-
tribution to model the detector resolution (σ ∼ 120 ps).
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FIG. 1. Positron annihilation lifetime measured in the LAB
sample with no doper (black dots). The fit function is shown
in red.
III. DATA ANALYSIS
The o-Ps properties are extracted from the fit result.
The fit parameter τ3 is a direct measurement of the o-Ps
lifetime. It consists in an effective value resulting from
the two and three gamma decay modes, whose fractions
are respectively:
f2γ = 1−
τ3
τ3γ
and f3γ = 1− f2γ (2)
where τ3γ is the vacuum o-Ps lifetime of 142 ns.
The evaluation of the o-Ps probability formation (f)
is less straightforward. Assuming a different detection
efficiency for the two (ǫ2) and three gamma (ǫ3) decays,
the number of annihilation (AA = A1 + A2) and o-Ps
formation (A3) measured are:
AA = AK + (1− f)CSǫ2 (3)
A3 = fCS(f2γǫ2 + f3γǫ3) (4)
where AK is the number of annihilations measured in the
Kapton and CS the total number of events in the scintil-
lator volume.
The fraction of annihilations in Kapton, AK , was ex-
trapolated from measurements at various Kapton layer
thicknesses and found to be 20.6± 0.2% [2].
Solving the system of Eq. 3 and 4, the o-Ps probability
formation is found to be:
f =
A3τ3γ
(AA +A3 −AK)τ3 + (AA −AK)(
ǫ3
ǫ2
− 1)τ3
. (5)
As it can be seen in Eq. 5, the evaluation of the o-Ps
formation probability relies on the knowledge of the ratio
of the detection efficiencies for the three and two gamma
3channels.
Since this value could not be measured with high preci-
sion in the experiment, the o-Ps formation fraction was
computed in the two extreme cases ǫ3 = 0 and ǫ3 = ǫ2.
The average of the two obtained values was taken as mea-
sure of f , while the difference was taken as contribution
to the systematic error (1.2%). Furthermore, another
component of the systematic error was estimated look-
ing at the discrepancies between the measurements of
the same sample (each one was measured three times):
this resulted in an error of about 1.3%.
The error budget on the o-Ps formation fraction includes
also a statistical component, given by the error propaga-
tion in Eq. 5, which is typically of the order of 0.6%. The
same was done for the lifetime evaluation where an error
of about 0.9% (corresponding to ∼ 0.03 ns) was found.
Moreover, an error of 0.3% on the time coming from the
setup calibration procedure is included.
To summarize, adding each error contribution quadrat-
ically the error on the o-Ps formation fraction obtained
is ∼ 1.9% whereas ∼ 1% error is obtained on its lifetime.
IV. RESULTS
A. LAB+Gd
The Gd doped sample is a LAB based scintilla-
tor mixed with 3 g/L of PPO, 15 mg/L of 1,4-Bis(2-
methylstyryl)benzene (bis–MSB) and Gd at a concentra-
tion varying from 0.01% to 0.45%.
The obtained scintillator, under minor modifications, is
the one typically used in reactor antineutrino experi-
ments, such as Daya Bay [9] and RENO [10].
As it can be seen in Tab. I, the o-Ps formation fraction
decreases as the Gd concentration increases, whereas the
lifetime is almost constant. It can be noted that when a
very small fraction of doper is added (0.01%) the forma-
tion fraction increases slightly with respect to the case of
pure LAB: this is a known effect as explained in Ref [15].
Gd concentration f τ3
[%] [ns]
0 0.544 ± 0.008 3.05 ± 0.03
0.01 0.554 ± 0.008 3.07 ± 0.03
0.05 0.540 ± 0.008 3.05 ± 0.03
0.08 0.537 ± 0.008 3.04 ± 0.03
0.1 0.529 ± 0.008 3.09 ± 0.03
0.45 0.406 ± 0.008 3.02 ± 0.03
TABLE I. Results for the o-Ps formation fraction and mean
lifetime in Gd doped LAB samples.
The trends of the o-Ps lifetime and formation fraction
as a function of the doper concentration are shown in
Fig. 2 and 3 respectively, directly compared with the
ones obtained using Nd as a doper (see next section).
B. LAB+Nd
The Nd doped sample is a LAB scintillator mixed with
2 g/L of PPO and a concentration of Nd ranging from
0.05% to 0.5%.
Until the very recent proposal to use Tellurium, such a
scintillator has been for a long time the best candidate
for the SNO+ experiment [7] in the search of the 0νββ
decay.
Similarly to the case of the Gd loaded scintillator, the
o-Ps formation fraction decreases as the Nd concentra-
tion increases, whereas the lifetime is almost constant
(see Tab. II).
Nd concentration f τ3
[%] [ns]
0 0.537 ± 0.013 3.15 ± 0.04
0.05 0.527 ± 0.013 3.11 ± 0.04
0.1 0.494 ± 0.013 3.17 ± 0.04
0.3 0.460 ± 0.013 3.15 ± 0.04
0.5 0.402 ± 0.013 3.15 ± 0.04
TABLE II. Results for the o-Ps formation fraction and mean
lifetime in Nd doped LAB samples.
As it can be seen in Fig. 2 and 3, o-Ps has a slightly
shorter lifetime (∼ 3%) in the Gd loaded scintillator than
in Nd loaded one. This could depend on the different
PPO concentration, although a previous work indicates
a longer o-Ps lifetime at higher PPO concentration [2],
or on the presence of bis–MSB in the Gd loaded sample.
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FIG. 2. Results for the o-Ps lifetime for Gd (blue) and Nd
(red) dopers in LAB as a function of the doper concentration.
C. LAB+Li
A different technique with respect to Gd and Nd is
needed to load LAB with Li in a stable way. Li has to be
4Concentration [%]
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FIG. 3. Results for the o-Ps formation fraction for Gd (blue)
and Nd (red) dopers in LAB as a function of the doper con-
centration.
used in water solution due to its hydrophilic nature, with
the net result of a water fraction in the final scintillator
sample. In addition, the surfactant, a OH function group
that mixes the water and the LAB together, accounts for
about 29% of the fractional mass.
The final mixture contains also 3 g/L of PPO and
15 mg/L of bis–MSB.
As the fraction of water in the sample grows with the
Li concentration, each sample was tested with and with-
out Li in order to disentangle the effect of water on o-Ps
from the effect of Li.
It can be seen in Tab. III that the lifetime is almost con-
stant and unaffected by both Li and water. On the other
hand, the o-Ps formation fraction is strongly affected by
the presence of surfactant: even with the smallest con-
centration of water (0.24%) and no Li, it is at a level of
0.363, to be compared to about 0.54 in pure LAB for Gd
and Nd loaded samples (see Sec. IVA and IVB).
concentration of
Li water surfactant f τ3
[%] [%] [%] [ns]
0.01 0.24 29.93 0.363 ± 0.011 2.92 ± 0.04
0.05 0.97 29.68 0.353 ± 0.010 2.84 ± 0.03
0.1 1.99 29.39 0.346± 0.011 2.90 ± 0.03
0.35 6.7 28.02 0.323 ± 0.010 2.90 ± 0.03
0 0.24 29.93 0.380 ± 0.011 2.92 ± 0.04
0 0.97 29.71 0.367 ± 0.010 2.84 ± 0.03
0 1.99 29.42 0.351 ± 0.011 2.90 ± 0.03
0 6.7 28.12 0.344 ± 0.010 2.90 ± 0.03
TABLE III. Results for the o-Ps formation fraction and mean
lifetime in Li doped LAB samples, and in the same samples
without Li (same water concentration).
The trends of the o-Ps lifetime and formation frac-
tion as a function of the Li and water concentrations are
shown in Fig. 4 and 5 respectively.
The o-Ps formation fraction shows a trend similar to
that of Gd and Nd doped scintillators, with the prob-
ability decreasing with increasing doper/water concen-
tration. However, the impact of Li is rather weak since
we obtained a difference with respect to the same sam-
ple with no Li larger than the errors only at the highest
tested concentration (0.35%). This can be understood
considering that the effect of the surfactant is dominant,
making the effect of Li not significant.
In addition, the o-Ps formation fraction absolute reduc-
tion due to water/Li is at the level of ∼ 2% at the most
(see Fig. 5), whereas it is of the order of 15% for Gd and
Nd as dopers (see Fig. 3) with the tested concentrations.
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FIG. 4. Results for the o-Ps lifetime for Li in LAB as a
function of the doper and water concentration.
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FIG. 5. Results for the o-Ps formation fraction for Li in LAB
as a function of the doper and water concentration.
5D. LAB+Te
In order to obtain a stable Te loaded scintillator, a
water solution is needed as in the case of Li. Therefore,
even in this case the final sample contains a water fraction
and a surfactant. However, the water fraction is about
a factor 3 less than the amount present in the Li loaded
scintillator.
The surfactant is different, being an amine group instead
of the OH functional group used for Li, and it is about a
factor of 6 less than the amount present in the Li sample,
accounting for ∼ 5% of the fractional mass.
In addition, 2 g/L of PPO are present in the mixture.
As it can be seen in Tab. IV, both the lifetime and the
o-Ps formation probability seems unaffected by either Te
or water.
As it was already observed in case of Li loaded scintilla-
tor, the strongest impact on the reduction on the positro-
nium formation with respect to the pure LAB comes from
the presence of the surfactant. Even with the smallest
concentration of water (0.06%) and no Te, we obtain a
formation fraction of 0.359.
concentration of
Te water surfactant f τ3
[%] [%] [%] [ns]
0.01 0.06 5.00 0.360 ± 0.009 2.67 ± 0.04
0.05 0.38 4.98 0.363 ± 0.009 2.73 ± 0.07
0.1 0.57 4.97 0.355 ± 0.009 2.67 ± 0.05
0.3 1.7 4.90 0.356 ± 0.009 2.69 ± 0.05
0 0.06 5.00 0.359 ± 0.009 2.69 ± 0.04
0 0.38 4.98 0.360 ± 0.009 2.69 ± 0.07
0 0.57 4.97 0.359 ± 0.009 2.74 ± 0.07
0 1.7 4.90 0.366 ± 0.009 2.75 ± 0.05
TABLE IV. Results for the o-Ps formation and mean lifetime
in Te doped LAB samples, and in the same sample without
Te (same water concentration).
The trends of the o-Ps lifetime and formation fraction
as a function of the Te and water concentrations are
shown in Fig. 6 and 7 respectively.
V. CONCLUSIONS
The o-Ps formation fraction and lifetime were mea-
sured in different doped liquid scintillators. In particular
we studied the dependence of the o-Ps properties as a
function of the doper concentration, using gadolinium,
neodymium, lithium and tellurium as dopers.
As first result, we observed that the o-Ps lifetime is
constant and unaffected by the doper.
The formation fraction is instead sensitive to the pres-
ence of a metal in the LAB and it typically decreases as
the doper concentration increases. This behavior is par-
ticularly evident for the Gd and Nd loaded scintillators.
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FIG. 6. Results for the o-Ps lifetime for Te in LAB as a
function of the doper and water concentration.
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FIG. 7. Results for the o-Ps formation fraction for Te in LAB
as a function of the doper and water concentration.
Scintillators loaded with Li and Te have a slightly differ-
ent behavior due to the different loading procedure which
results in the presence of water and a surfactant in the
final sample. We found that both the presence of the
doper and of the water have an almost negligible impact
with respect to the surfactant one.
In conclusion, the o-Ps pulse shape discrimination can
be exploited in both anti–neutrino and neutrino–less dou-
ble beta decay experiments, to enhance the anti-neutrino
signal or to reject positron like background, respectively.
However, if in the first class of experiments, high con-
centrations of high neutron cross section dopers can re-
duce by up to ∼25% the o-Ps formation, the double beta
emitters must be embedded in molecules containing sur-
factants, which suppress by up to ∼40% the o-Ps compo-
nent with respect to the undoped scintillator mixtures.
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